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The established characteristics of poliomyelitis virus indicate that its primary invasion occurs through nerve fibers of the body surfaces on which it is originally deposited. Several nerve systems in addition to the olfactory (now known to be of only minor importance) provide potential channels of invasion, each deserving separate consideration. Solution of the problem cannot depend wholly on animal experiment; before this can be reliably applied to the human disease, confirmation from human material is indispensable. Unfortunately the literature on the pathology of the human disease, while comprehensive in other respects, fails to disclose certain details that we regard as of critical importance. We have therefore undertaken another histopathological study of acute human poliomyelitis designed to supply some of the desired information.
Various potential pathways of infection other than the olfactory have from time to time been suggested. Goodpasture (1) , in a human case, suspected that entry might have occurred through the IX and X nerves into the medulla. Kling, LevaditJ, and L~pine (2) interpreted their experimental infections from feeding virus as ind/cative of entry through the abdominal sympathetics into the spinal cord, a view later advocated by Toomey (3). Marinesco, Manacatide, and State-Draganesco (4) considered the possibility of primary infection of the intrinsic ganglia of the intestine with centripetal spread through the vagus, only to reject it because the lesions found in these ganglia were too slight to be significant. Burnet, Jackson, and Robertson (5), using cynamolgus monkeys, traced infection from the pharynx to the region of the IX and X nerve nuclei in the medulla. Howe and Bodian (6) deduced from their human autopsies that infection may enter from the oropharynx in some cases through the cranial nerves and from the gastrointestinal tract in others; in the former case producing a pattern of lesions indicating downward spread of infection from the brainstem to the cord and in the opposite direction in the latter. They also considered the probability of entry from the intestine through the vagal efferent pathway to the medulla in two of their cases on the basis of lesions in the dorsal motor nucleus of the * Sponsored by The National Foundation for Infantile Paralysis, Inc. 329
vagus, a view previously upheld by Toomey (7) (reference to Table I will show, it should be pointed out, that this bulbar nucleus also supplies the tracheobronchial tree and the esophagus). Sabin and Ward (8) concluded, on the basis of their virusrecovery studies on human autopsy material, that the entire alimentary tract (including the pharynx) can serve as a portal of entry but questioned the importance of the sympathetic fibers. They also doubted whether centrifugal spread of infection occurs; felt that the skin was not a probable portal, and showed that the pattern of distribution of virus is not that of a blood-borne infection. Yoffey and Drinker (9) have called attention to the taste-buds and the gustatory fibers of the IX cranial nerve as potential portals of entry. There is nearly unanimous agreement by those who have investigated human material that the olfactory nerve system is only very exceptionally involved and can be no more than a rare portal of entry. However, Kessel (10) and his associates in one of eleven human cases tested, found virus in the olfactory bulbs.
The present study, based on an analysis of human material, is devoted to the lesions in the nervous system and their distribution, with special reference to the nerve supply and connections of the respiratory .and alimentary_ mucous membranes, following the hypothesis that the virus of poliomyelitis, being essentially neurotropic, penetrates these surfaces and passes towards and into the central nervous system by way of one or more of the regional nerve systems. 1 The various potential pathways of infection are shown in Table I . We have attempted, as far as circumstances have permitted, to investigate each of these separately and have paid special attention (1) to the peripheral ganglia, and (2) to their connecting centers in the central nervous system. Nerve systems without direct superficial connections (optic, auditory, vestibular, skeletal motor, and proprioceptive 2) have not, with a very few exceptions, been considered as potential portals of entry and therefore have not been especially investigated.
In the fairly large number of reports on the neuropathology (16-19, 4, 20-25, 6) , comprehensive in most other respects, only a very few and cursory notes concerning the peripheral ganglia are to be found. McClure (26, 27) appears to have been the first to indicate their significance but his work has been limited to the rhesus monkey. The critical position of the peripheral ganglia with reference to the inward spread of neurotropic virus from the surfaces is obvious (Diagram 1). Nearly all the peripheral nerve fibers with endings in 1 The skin and conjunctiva have not been included. While neither of these appears to be of prime importance, further attention to them might be rewarding. The evidence for neurotropicity or, better, neurocytotropicity of poliomyelitis virus and for its axonal transmission need not be reviewed here: it has been well covered in Howe and Bodian's monograph (6) .
s The motor nerves of the pharyngeal muscles probably serve as portals of entry in poliomyelitis following adenotonsillectomy, with virus ascending directly to the nucleus ambiguus and causing pharyngeal paralysis. The process, resulting as it does from gross trauma, must be regarded as exceptional. Entry through the mesencephalie (proprioceptive) portion of the trigeminal nerve is another possible exception that will be discussed elsewhere. Riley (14) , M011er (15) , and Krieg (16) . In some cases, information is scanty and in others conflicting. Krieg appears to be alone in identifying the nucleus intercalatus as the gustatory ceno ter, though Riley states that it may have gustatory functions. Data on the sympathetic neuronal centers, peo ripheraI and central, for the bronchial tree and esophagus are incomplete. MUller's text and drawing have been followed for the ganglia, and the spinal centers are surmised from the gauglia, no precise descriptions being available.
I~U~AN
POLIOMYELITIS" PORTALS OF :ENTRY the mucosal surfaces are axonal processes of nerve cells in regional ganglia; t these ceils offer the first opportunity for invading virus to multiply and produce tke primary lesions of poliomyelitis, the presence or absence of which in a given DIAGRAM 1. Schematic representation of invasion of a unipolar neuron with branched axon (e.g., a trigeminal afferent unit of the Gasserian ganglion) by virus particles (solid dots) through the epithelial surface, with subsequent central spread of infection. Virus particles are caught in the mucus covering the epithelium, enter the superficial arborizations of the axon, course through the axon into the nerve cell (Neuron I) where they multiply, set up the primary lesion, then spread centrally, break through, the synaptic membrane, and infect Neuron II. Logically they may be expected also to course outwards again to the surface, as in the lower figure, thus possibly accounting for the appearance of virus on the surface during the early clinical manifestations of the disease.
ganglion furnishes a basic clue on whether or not infection has entered by that pathway. The limitations in interpretation of positive findings will be discussed later.
From the primary focus of infection in the ganglia and after a period of multiplication, virus can spread centripetally into the appropriate cell groups within the central nervous system, and thence into other connecting neurons by varying pathways and to varying extents.
In Diagram 2, it will be seen that the various nerve systems differ in respect to the positions of the primary and secondary neurons and of the first and second synapses, in relation to the peripheral ganglia and surfaces and to the central nervous system. In our opinion, it is quite possible that the synapse, representing as it does two cell AAed u]ld DIAGR~ 2. Schematic representation of the various potential nerve pathways of infection, showing the different arrangements of neurons (NI, N~) and synapses (S~, S~) in relation to the mucous surfaces, peripheral ganglia, and central nervous system. Note unique position inside the central nervous system of the primary neuron of the mesencephalic trigeminal system. Its peripheral endings are, however, deep from the surface, making them relatively inaccessible to surface virus except under special circumstances, such as are discussed in the text.
membranes, may constitute a barrier of some importance to the neuron-to-neuron progression of virus. Notable is the structure of the peripheral neurons of the V, VII, IX, and X cranial afferent systems, the branched axons of which have a peripheral member and a central member, thus affording a continuous pathway for virus to ascend from the mucosal surface to the pons and medulla without intervening synapses; with the infected cell bodies in a position to act as "feeders" of virus toward the central nervous system and possibly also, by secondary retrograde spread, outward to the mucosal surfaces. Reference to the diagram shows the anatomical relationships of neurons and synapses in other systems to potential centripetal spread Of virus, which need not be individually discussed at this point.
For reference both to the distribution of lesions and to the evolution of the clinical pictures, the invasive process may be conveniently divided into the following steps:
Step 1: invasion of peripheral fibers into regional ganglia (with exceptions noted).
Step 2: invasion of connecting centers in the central nervous system. Step 3: spread to adjoining centers ria short connecting neurons (as suggested by Howe and Bodian (6)).
Step 4: invasion of centers distant from the initial peripheral and central sites of infection, presumably by way of longer tracts.
Material and Methods
Our pathological data were obtained from eight autopsies 4 on patients with acute poliomyelitis in the San Francisco Bay area during 1943-44. The cases were all typical and the diagnosis was confirmed by transmission of the disease to rhesus monkeys in all but one instance (No. 2). Five of the cases were primarily bulbar and three were primarily spinal. All of the patients died from the effects of the disease between the 3rd and the 9th days excepting one (No. 6) who died on the 25th day from perforation of the esophagus. As comprehensive a survey of the central nervous system and peripheral ganglia was made in each case as the circumstances would permit. The cerebral cortex and cerebellum were omitted as having no s•ecial interest in our particular problem. The omission of the spinal ganglia was a matter of practical necessity; bu,t as has been stated these probably have no direct connection with the mucous surfaces. The suDerior cervical sympathetic ganglia were unfortunately unobtainable except in two cases. The olfactory bulbs and peripheral ganglia were examined by serial section; the brainstem and spinal cord by selected sections or semiserial sections, the latter especially in the pons and medulla, where they were made at intervals of 60 micra. Einarsen's gallocyanin stain was used throughout.
Case histories and pathological data follow. Pathological Data.--The olfactory bulbs were negative, and only minimal lesions were found in the tertiary olfactory centers, thalamus, and hypothalamus. The midbrain centained marked lesions in the substantia nigra, moderate ones in the mesencephalic V nucleus, and scattered ones in the reticular formation. The pons was heavily involved, especially in the locus coeruleus, the reticular formation, the vestibular nuclei, and the motor nuclei, on one side only, of the V and VII nerves. The main sensory nucleus of the V nerve showed a few small loci and the spinal nucleus, none of significance. The lesions in the medulla were heaviest in the reticular formation and the nucleus ambiguus, which supplies the pharyngeal and laryngeal muscles. The solitary nucleus on one side had a few foci of some intensity. The spinal nucleus of the V nerve was essentially negative, as were the dorsal nucleus of the vagus, the gustatory nucleus, and the other bulbar nuclei. The cervical portion of the spinal cord was not available for examination. Heavy lesions were present in the anterior horns of the thoracic and upper lumbar levels, the midlumbar region being much less affected. The posterior horns were only slightly involved and the internuncial areas moderately. The intermediolateral (sympathetic) cell column was heavily and discretely involved in the upper thoracic level on one side only (Fig. 1) , and practically not at all below. Of the peripheral ganglia, one Gasserian was involved minimally, one stellate moderately with neuron necrosis (Fig. 2) , and the celiac minimally. The superior cervical sympathetic was unfortunately not available.
Summary.--The olfactory route can be ruled out with certainty and a number of others with probability, including the V, VII, IX, and X nerve afferents, the parasympathetics, and the sympathetics of the intestine. The heavy, unilateral lesions in the sympathetic cell column of the upper thoracic cord together with the lesions in the stellate ganglion, on the other hand, strongly suggest entry through the sympathetic fibers of the tracheobronchial tree or of the esophagus. The sympathetic cord lesions were also consistent with entry through the pharyngeal sympathetics, but in the absence of the superior cervical sympathetic ganglia for examination, the proof is incomplete. The clinical data suggest primary entry through the pharynx. Pat~logical Data.--The olfactory bulbs and tertiary olfactory centers were essentially negative excepting for moderate infiltrative lesions in the anterior perforated space. Small but intense ioci were found in the thalamus and hypothalamus. The midbrain was heavily involved with the exception of the mesencephalic V nucleus (slight), the central gray, and the nuclei of the III and IV nerves On one side. In the pons, the main sensory nuclei of the V nerve showed small lesions, in contrast to the spinal nuclei which were more heavily affected. All the other nuclei of the ports were markedly involved, including the locus coeruleus and particularly the reticular formation and the vestibular nuclei. In the medulla the reticular formation and the vestibular nuclei showed extremely severe lesions; the nucleus ambiguus, heavy ones; the spinal nucleus of the V nerve showed moderate lesions and the solitary nucleus slight ones. The gustatory nuclei were uninvolved.
The spinal cord was very severely involved at all levels and in practically all its components, with the exception of the intermediolateral (sympathetic) columns in the upper thoracic and on one side of the lower thoracic levels; in these places, despite marked infiltrations the sympathetic cells showed only mild degenerative changes without the intense neuronophagla seen in the adjacent cell groups.
Of the peripheral ganglia, the Gasserians, nodose, stellate, and celiac all showed heavy lesions, with some neuron necrosis.
Summary.--The extensive and severe spread of infection in this case makes an analysis of the portals of entry difficult. The olfactory and gustatory portals can be exonerated. The data are consistent with entry through the trigeminal, through the visceral afferents of IX and X, and also through the respiratory and intestinal sympathetics. The involvement of the spinal sympathetic centers, however, is suggestive of secondary rather than primary entry. The clinical data suggest primary entry through the cephalic mucosae. Pathological Data.--The olfactory bulbs and tertiary olfactory centers were essentially negative. The hypothalamus showed some lesions of moderate severity. Nearly all the centers of the midbrain and ports, including the mesencephalic V and the locus coeruleus ( Fig. 3) , were heavily involved. Lesions in the main sensory (Fig. 4 ) and spinal nuclei of the trigeminal were heavy. Involvement of the medulla was also generally heavy excepting the dorsal motor nucleus of the vagus, the olives, and the cuneate and gracile nuclei. The gustatory and solitary nuclei were notably affected, especially the former. Only one portion of the spinal cord, the last cervical segment, was available for examination: in this the anterior horns showed very heavy lesions; the posterior horn on one side, heavy lesions, but the internuncial area was only slightly affected. Of the peripheral ganglia, the Gasserians both showed extremely heavy involvement ( Fig. 5 ) and the celiac, moderately heavy; cell destruction was marked in the former, moderate in the latter. The nodose and stellate ganglia showed only minimal lesions, each on one side only.
Summary.wThe distribution of lesions in this case rules out the olfactory route of entry. The severity of lesions in the peripheral ganglia and the mesencephalic and pontobulbar nuclei of the trigeminal affords good grounds for suspecting this to be a principal portal. The gustatory components may also have been implicated, as may the intestinal sympathetics, but the peripheral ganglia of the former and the central cell stations of the latter were not available for examination. The clinical data strongly suggest that initial infection entered through the cephalic levels. Patkological Data.--The olfactory bulbs showed no lesions, nor did the tertiary olfactory centers, excepting the anterior perforated substance in which infiltrations of moderate in-tensity were found. The hypothalamus showed heavier lesions with some neuron necrosis. The midbrain, including the nuclei of the III and IV nerves, was very heavily affected, as were all the nuclear centers in the pons, excepting the mesencephalic V but including the locus coeruleus and the main sensory and spinal nuclei of the V nerve. Cn the whcle involvement of the medulla was a little less intense and much less uniform than of the pons. ~Ihe reticular formation, the vestibular nuclei, and the nucleus ambiguus were very severely affected. The complete sparing of the dorsal motor nucleus of the vagus was notable. "fhe ~olitary (Fig. 6 ) and gustatory ( Fig. 7) nuclei were moderately involved. The spinal cord was heavily affected in all levels examined (thoracic and upper lumbar) with the usual maximal involvement of the anterior horns. The internuncial area and posterior horns were markedly involved, as was the sympathetic column. The latter, however, was much less affected in the lower thoracic levels than in the middle and upper, and the lesions in it were continuous with those in adjacent areas, the sympathetic cells themselves being unaffected. Cf the peripheral ganglia, the Gasserians showed the most severe lesions, with much neuron destruction; the celiac was nearly as heavily affected with, perhaps, less neurcnal damage. Cne petrosal ganglion ( Fig. 8 ) was moderately involved, one nodose, slightly (Fig. 9) .
Suraraary.--The lesions in this case were compatible with entry through both the cephalic and intestinal areas. Lesions in both the peripheral and central cell stations of the V, IX, and X nerves (including the gustatcry components) were notable. The possibility of intestinal entry is supported by the presence of lesions in the celiac plexus but the character of the lesions in the sympathetic column of the cord is somewhat ambiguous. This column was more heavily involved in its upper than in its lower levels, suggesting the possibility of entry through the sympathetks of the head and bronchial tree. The clinical features of the case are suggestive of entry through the head and thoracic levels almost simultaneously: headache, backache, followed by ocular complaints, pain in the shoulder, and respiratory difficulty. Pathdogital Data.--The olfactory bulbs and centers were not involved, and in the diencephalon only a few foci were found in the hypothalamns. The midbrain was moderately involved, including the mesencephalic V nucleus and the substantia nigra. The ports showed moderate lesions in the locus coeruleus and very heavy involvement of the vestibular nuclei and of the reticular formation which, in the latter, increased caudally. The main sensory V nucleus was moderately and the spinal V nucleus heavily involved and more on the left side. Of the motor nuclei, the VII, on one side (right), was most severely affected. In the medulla, the heaviest lesions were in the nucleus ambiguns which was almost wholly destroyed. The reticular formation and the vestibular nuclei were also heavily involved. The nucleus solitarius was considerably involved but the gustatory, very little. The dorsal motor nucleus of the vagus was practically free of lesions. In the cord, there was notable evidence of a descending infection with heavier involvement in the upper than in the lower levels; the lumbar cord being only minimally involved. The internuncial areas were moderately affected and the sympathetic cell columns showed no involvement at all. Of the peripheral ganglia only the Gasserians and the celiac showed lesions of any note which were much more severe and extensive in the former. One petrosal ganglion showed a few lesions.
Summary.--The distribution of lesions agrees well with a primary poltal of entry through the trigeminal pathways. The olfactory route can be ruled out, the gustatory could have played no more than a minor r61e, and the sympathetic channels of the head, bronchial tree, and alimentary tract can be excluded. The celiac ganglion therefore appears to have been secondarily infected, probably from virus in the intestine. The clinical data in this case are practically pathognomonic of cephalic entry. The onset with sore throat followed by palatal paralysis is again noteworthy. Pathdogical Data.--A perforation of the esophagus just above the stomach was discovered, with a considerable amount of brownish fluid in the pleura I cavity.
The olfactory centers again were virtually uninvolved, and only a single small lesion was found in the diencephalon (bypothalamus). Minimal lesions were present in the midbrain but none in the mesencephalic V nucleus. In the pons, the vestibular nuclei and the reticular formation showed marked lesions but the locus coernleus, none. A few scattered loci were found in the spinal nuclei of the V nerve, but none in the main sensory nucleus. In the mednlLa the chief involvement was in the reticular formation which showed infiltrations and neuron degeneration. The solitary nuclei were uninvolved and the gustatory showed only slight infiltration. No lesions were found in the dorsal motor nucleus of the vagus; nor in the nucleus ambiguus, despite the early difficulty with deglutition; the htter bad, however, cleared up before death. In the spinal cord, involvement of the anterior horns and internuncial areas was fairly uniform at the various levels. The sympathetic cell colunm showed only a few minimal infiltrations without evidence of cell degeneration. Of the peripheral ganglia, only the Gasserians showed notable lesions: on one side these were intense, mainly near the entrance of the maxillary branch, with neuron destruction. The celiac, incompletely examined, showed no lesions.
Summary.--In this case, 25 days elapsed from onset to death, and the inflammatory process had had time to subside considerably. Evidence remained, however, of entry through the V nerve. There was no pathological evidence of entry through the intestinal or other sympathetic channels. While the clinical history in this case, with initial abdominal pain, suggests a primary intestinal infection, the previous occurrences of the pain together with the pathological data make it more probable that the true onset was 3 days later when complaints referable to the neck and back appeared. It should be noted that at the time of the first medical examination, no paralysis was present but only generalized spasm. The possible relationship of generalized spasm to lesions in the reticular formation of the pons and bulb will be discussed later on.
The esophageal perforation in this case is of special interest in the light of Opper and Zimmerman's (28) Pathological Data.--The olfactory bulbs and centers were uninvolved, and the diencephalon virtually so. The midbrain showed moderate lesions in the reticular formation, substantia nigra, central gray, and III nerve nuclei; slight ones in the mesencephalic V nucleus. In the ports, the vestibular nuclei were severely involved, Deiter's being almost entirely destroyed. The locus coeruleus showed moderate lesions with neuronal necrosis and the reticular formation, marked infiltrative lesions. Excepting one motor V, the motor nuclei were not severely affected. The heavy involvement of the vestibular nuclei made identification of the borders of the main sensory and spinal nuclei of the V nerve difficult but a few loci were definitely within the latter on the right side. In the medulla, heavy involvement of the reticular formation was present, particularly at a level where the nuclei of the spinal V contained marked lesions. The vestibular nuclei were less heavily involved than in the pons. The nucleus ambiguus showed moderate destructive lesions. The solitary and gustatory nuclei were only minimally affected. As in the other cases, the dorsal motor nucleus of the vagus was free of lesions. The anterior and posterior horns of the cord, examined in the thoracic and lumbar levels, were almost completely destroyed and there was heavy involvement also of the internuncial areas. By contrast the sympathetic cell columns were less severely involved; in them there was some necrosis in the middle and lower thoracic levels and moderate infiltration5 which appeared to overflow from adjacent areas. Of the peripheral ganglia, moderate lesions were found in both Gasserians, in one nodose, in 5 of the upper thoracic sympathetics, and in the celiac. Several minimal lesions were present in one superior cervical sympathetic ganglion. The ganglia of the IX and X cranial nerves were uninvolved.
Summary.--The olfactory, gustatory, and visceral afferent routes in the head area can be absolved. The trigeminal appears to be a probable pathway; the sympathetics of the intestine and perhaps of the tracheobronchial tree or esophagus may also have played a part. The clinical data are consistent with any or all of these. Pathdogical Data.--The olfactory bulbs were uninvolved, but lesions of moderate intensity were present in the tertiary centers. Moderate lesions were found in the thalamus and hypothalamus. In the midbrain the mesencepha.lic V nucleus was minimally involved, the substantla nigra and reticular formation heavily so, the latter especially at the caudal level. In the pons, the locus coernleus was moderately, the vestibular nuclei heavily, and the reticular formation moderately to heavily involved. A large focus and several small ones were found in the main sensory V nucleus on one side and moderate lesions in the spinal V. The medulla was less heavily involved on the whole than the pons but severe lesions were found in the nucleus ambiguus, the reticular formation, the vestibular nuclei, and the hypoglossal nucleus on one side. Involvement of the spinal nuclei of V and of the solitary and gustatory nuclei was minimal and limited to one side. No evidence of the earlier attack was noted in the brainstem. In the spinal cord there was almost complete loss of anterior horn cells in the cervical and thoracic levels (the lumbar levels were not examined). At some levels, however, there was no accompanying inflammatory infiltration, suggesting residual effects of the first attack. In the middle and lower thoracic levels the sympathetic cell column could not be found on one side; possibly also a result of the earlier infection; on the other side, there were some infiltrations but no neuron destruction. The internuncial areas were heavily involved. Of the peripheral ganglia only the Gasserians were obtained, one of which showed moderate lesions with neuronophagia.
Summary.--Evidence consistent with and suggestive of entry through the trigeminal nerve was found. The olfactory, gustatory, and visceral afferents of the VII, IX, and X nerves can be reasonably well exonerated. Signs of entry through the various sympathetic channels during the second attack were minimal and inconclusive. The symptoms strongly suggest entry through the cephalic area with subsequent descending spread.
INDIVIDUAL POTENTIAL PATHWAYS
The distributions of lesions in relation to the individual potential pathways of infection in the eight cases are summarized below (Tables II to IX) .
The intensity and numbers of lesions in a given structure are indicated by the number of -tsigns; and the presence and relative numbers of nerve cell necroses are similarly indicated by stars. --shows that the stated structure was not available for examination. :~ indicates a single minute or dubious focus of infiltration. In the tertiary olfactory regions, infiltrative lesions without neuronal damage were present in the anterior perforated substance in four cases; elsewhere lesions were absent or minimal. In view of the uniform absence of alterations in the olfactory bulbs and the minor character of the changes in the tertiary centers, there can be little doubt that the latter were merely incidental to upward spread of infection and not to primary olfactory entry. The anterior perforated substance is a common site of perivascular infiltrations in poliomyelitis and these, as Swan (25) has pointed out are probably due to "overflow" from adjoining non-olfactory Summary.--No evidence of primary entrance by way of the olfactory pathway was found in any of our cases. Since, however, lesions have occasionally been found by others in the olfactory bulbs as well as in the tertiary centers we agree with Howe and Bodian (6) that the olfactory system in man is not refractory to infection. The only reasonable explanation for its failure to participate in the initial invasive process would seem to be that, for some reason not immediately apparent, the olfactory mucosa is not commonly exposed to virusbearing particles in the inspired air. We have shown experimentally in cynomolgus monkeys (34) that the inhalation of fine virus-bearing particles ("droplet nuclei") produces olfactory infection with great uniformity and ease.
I. O~actory Pathway
That the same thing does not occur in man is probably because virus does not reach the olfactory mucosa in infective amounts at the time infection is initiated. Since only theoretical explanations of this phenomenon can at present be offered, we must await the results of future investigation for its actual cause. In case 1, involvement of the Gasserian ganglia was minimal, as was that of the secondary centers. In all the others one or both Gasserians were moderately to severely involved, as were the secondary centers excepting in case 6, in which minimal lesions were present (this patient died 25 days after onset of the disease). The data are therefore consistent with primary trigeminal infection in seven cases and with consequent infection of the central nervous system by the same route in six and possibly also in the seventh (case 6).
Z. Trigeminal Pathways
Of the eleven pairs of Gasserian ganglia from Los Angeles, one or both members showed marked lesions with neuronal necrosis in seven, minor lesions in three, and no lesions in one.
The Gasserian ganglia have been generally neglected in studies of human poliomyelitis. Spielmeyer (23) states in passing that they may be affected, but gives no details. Swan (25) noted mild, diffuse infiltratign, without ganglion cell damage, in two cases. It will be seen from the table that cell damage was present in seven of our eight cases. It is also noteworthy that in some of our cases the intensity and severity of lesions was greater in the ganglion than in the central secondary centers, which suggests centripetal rather than centrifugal spread.
The importance of the second of the trigeminal pathways above mentioned, the proprioceptive mesencephalie portion, is perhaps less obvious but nevertheless presents interesting possibilities. While its peripheral endings are not superficial, they might be exposed to virus in carious teeth (of. Aisenberg and Grubb (35)), in pockets formed by gingival separation, or from trauma to the cheeks, gums, or palate, such as are not uncommon in everyday life. Infection of these nerve fibers would proceed directly to the cerLtral nervous system. It is interesting to find that the mesencephalic nucleus was more than minimally involved in four of our cases, lts secondary center, the locus coeruleus, was moderately to heavily involved in seven cases. This center may also be involved secondarily to infection of the reticular formation. Stiefler and Schenk (20) noted slight lesions in the mesencephalic nucleus, as did Swan (25) in two of his cases. In the locus coeruleus notable lesions, often accompanied by cell necrosis and escape of pigment, have been found by I-Iarbitz and Scheel (17), Kino (18) , Horanyi-Hechst (24), and Swan (25) . It appears to bc one of the more susceptible centers to poliomyelitis virus.
Summary.--Both afferent systems of the trigeminal nerve appear to be frequently and sometimes heavily involved. The frequency and usual severity of involvement of the Gasserian ganglia are outstanding. We suspect that the trigeminal is a very important portal of entry. 
Gustatory Pathways (VII, IX, X Cranial Nerves)

I. Ganglia
Geniculate {VII)
Petrosal (IX)
Nodnse (X)
II. Gustatory nucleus (medulla) (nucleus intercalatus) In case 4 there is good evidence of penetration by way of the gustatory system; in the other cases, it is either absent, minimal, or incomplete.
The potentialities of the gustatory apparatus as a portal of entry have been suggested by ¥offey and Drinker (9) and by ourselves (36) based on the fact that the peripheral nerve endings in the taste buds are "bare" and thus could be directly exposed to virus entering the mouth. So far as we know no observations on the peripheral or central components of the gustatory system have been reported from human material. The genicuhte and petrosal ganglia have apparently not been examined, nor has the nucleus interealatus been specifically mentioned in previous reports. This bulbar center, which is rather conspicuous and wall defined, lies between the hypoglossal nucleus on one side and the dorsal motor nucleus of the vagus on the other. It has only recently been recognized as the gustatory center. 5 It must be kept in mind that of the three ganglia listed in Table IV , only the geniculate is purely gustatory and the petrosal and nodase also contain visceral afferent elements.
Suramary.--Considering its anatomical characteristics and potentialities the gustatory system in our series of cases displayed less frequent and conspicuous signs of invasion than we had anticipated. It remains, however, on the basis of case 4, one of the pathways for which there is positive evidence.
s The matter may be still controversial. The evidence in favor of its gustatory nature is presented by Krieg (16) . While he does not mention the nucleus intercalatus by name, his description and drawings leave no doubt over its identity. Riley (14) states that it may be concerned with gustatory and olfactory exchange. Ranson (11) merely says that its connections and functions have not been satisfactorily determined. Based on concurrent lesions in one or more of the ganglia and in the solitary nucleus there is some evidence of penetration along the visceral afferents in three cases of the six in which both the primary and secondary cell stations were examined, Excepting case 4, however, the lesions in both of these in any individual case were not heavy. In case 2, the lesions in the nodose ganglion appear to have been due to visceral afferent rather than to gustatory entry, since no lesions were found in the gustatory nucleus. The solitary nucleus showed lesions of more than minimal intensity in four cases and was free of lesions in only two.
Visceral Afferent Patlrways (IX and X Cranial Nerves)
The visceral afferent system has been almost as completely overlooked in the past as has the gustatory. Howe and Bodian (6) mention involvement of the solitary nucleus in one of their cases (H7).
The system is of particular interest because of its anatomical distribution and its functions. Sensory in character, it supplies superficial nerve endings to practically the whole of the alimentary and respiratory tracts and mediates reflexes of special clinical interest in poliomyelitis, such as swallowing, respiration, and vomiting. Unfortunately with reference to exact localization of the portal of entry, the significance of the nodose ganglion is obscured by the fact that it supplies both the upper and lower portions of the alimentary and respiratory tracts. Lesions in the petrous ganglion, however, point to pharyngeal entry: in one case, they were heavy, in one minimal, and in three cases, doubtful or absent, The nodose ganglion was notably involved in four cases, minimally in two, and not at all in one.
Summary.--Pathological signs suggestive of entry through the visceral afferent system of the glossopharyngeal and vagus nerves were present in three cases. This may be a portal of entry of considerable importance. § The numerator denotes the number of ganglia in which lesions were found; and the denominator, the hum* bet of ganglia examined.
Sympathetic Pathways
In case 1, the uppermost levels of the sympathetic column in the thomdc cord were sharply and discretely involved. The stellate but not the upper thoracic ganglia showed lesions of considerable intensity. The data therefore suggest entry through the sympatheties from the uppermost portions of the esophagus or tracheobronchial tree, and are also compatible with pharyngeal entry, a possibility which cannot be confirmed because the superior cervical sympathetic ganglia were not available. In case 2, the portals of entry appeared to be similar although not so sharply defined, since two of the upper thoracic ganglia also showed lesions of more than minimal intensity. In case 4, the cord lesions were compatible with entry through the same portal but only the upper thoracic ganglia, which showed mild lesions, were examined.
While the celiac ganglia showed lesions of significant degree in six of the seven cases in which they were examined, s ascent of infection from them into the spinal cord on the basis of lesions in the sympathetic column of the cord was difficult to determine in cases 2, 4, and 7 where cord lesions were present and heavy. In each of these the adjacent anterior horns and internuncial areas were heavily involved and in direct continuity with the lesions in the sympathetic columns. In the latter, too, such cells as were necrotic preserved sharp outlines and the nuclei were still visible, in contrast with the virtually complete disappearance of neurons in the adjacent areas; thus, the sympathetic cells appeared to have become involved at a later period than their neighbors. In cases 1 and 5 the absence of lesions in the sympathetic columns of the lower thoracic cord appears to rule out ascent through the intestinal sympathetics.
s One of the two celiac ganglia sent us from Los Angeles showed doubtful lesions, the other none.
The examination of the sympathetic ganglia at different levels showed that as a whole, these were not frequently or conspicuously involved. Our findings are tabulated in Table VII . The data suggest that centrifugal spread along the sympathetic fibers from cord to ganglia does not occur with facility. The sympathetic apparatus in human poliomyelitis has not been extensively studied by others; this is particularly true of the sympathetic cell column (lateral horn, intermedioiateral column) in the cord (T1-L1) which is the source of preganglionic fibers for the whole system and therefore the expected site of initial lesions in the central nervous system for infection penetrating centripetally from the peripheral sympathetic fibers. Marinesco, Manaeatide, and State-Draganesco (4) mention the peripheral sympathetic ganglia as relatively little affected, and the sympathetic cells of the cord as affected only pari passu with the adjacent anterior horns. Horanyi-Hechst (24) states that the lateral horns are mostly free of lesions but in five of his twenty-eight eases, loss of or damage to neurons was found. Swan (25) found some infiltrative lesions and rare chromatolysis but no cell loss in the lateral horns, while Gulzetti (21) in his two cases noted marked lesions in some levels of the cervical (s/c) and thoracic cord, none in others. Sabin and Ward's (8) investigations on the presence of virus are noteworthy. They found no virus in the superior cervical sympathetic ganglia in any of their six cases, and in only one of them in the celiac (abdominal) ganglia. The latter is of particular interest in reference to the almost unifornf presence of virus in the intestinal contents or walls in the same cases.
Our general impression is that the sympathetic pathways are occasional portals of entry, particularly from the tracheobronchial tree or the esophagus (the data do not allow differentiation between the two) and quite possibly from the pharynx. As regards the intestinal sympathetics, our findings suggest that infection penetrates into the celiac ganglia not infrequently, but encounters some difficulty in ascending thence through the long spianchnic nerves to the cord: the evidence that it had completed the ascent in any of our eases is inconclusive.
The sympathetic pathway of infection is of special interest in that it leads to primary central ~nvolvemenl in lhe spinal cord, whereas the other routes (excepting the sacral parasympathetic) lead to primary infection in the pons and medulla. Howe and Bodian (6), on the basis of the over-all distribution of lesions and their relative intensities at different levels concluded that in some instances the initial entry into the central nervous system was bulbar and in some, spinal. With this conclusion our own data lead us to agree, but we may add that the former appears to be the more frequent. The majority of the anatomical pathways lead to the pons or medulla and these are the ones for which we have found histopathologieal evidence most often. As regards primary intestinal entry, our data also agree with Howe and Bodian's conclusion that "the evidence is not as clear as could be desired."
Summary.--Evidence consistent with entry through the sympathetics of the upper respiratory and alimentary tracts into the spinal cord was found in three cases. Evidence for infection of the celiac ganglia was found in six cases and of possible, though dubious, penetration thence into the spinal cord, in three. The importance of entry through the sympathetic system as a source of primary spinal cord infection is emphasized. 
Parasympathetic Pathways (Vagus)
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The intramural ganglia of the bronchial tree and lower alimentary tract; the otic, sphenopalatine, and submaxillary ganglia, the salivatory nuclei in the pons, and the parasympathetic centers in the sacral cord were not examined. The virtually complete freedom of the dorsal motor nucleus of the vagus from lesions in all our cases is noteworthy and demonstrates that infection had not penetrated along the efferent fibers of the vagus as far as the central nervous system; the parasympathetic system was therefore not a portal of entry in our eight cases.
The intramural ganglia have been seriously considered not only as an important potential intestinal portal of entry but also as a source of the virus found in the walls and lumen of the gut (6, 37) . They have been systematically studied in human material only by Marinesco, Msnacatide, and Statc-Dragancsco (4) who apparently gave them serious and detailed attention as potential portals. Apart from rare degenerative lesions, the microganglia were normal and the writers concluded that the primary portal of entry was not the intestinal mucosa.
The dorsal motor nucleus of the vagus, despite our own negative findings, is not always exempt. Harbitz and Scheel (17) , Kino (18) , Horanyi-Hcchst (24), Swan (25), Howe and Bodian (6), and Guizctti (21) have all noted lesions in it. The exact nature, frequency, and severity of such lesions is not always clear from the descriptions. In Horanyi-Hechst's cases they were of moderate grade; in Swan's report they were noted in two of his six cases and consisted of "mild cell loss." In two of Howe and Bodian's cases and in both of Guizetti's, lesions appeared to be severe and destructive.
Summcry.--While there was no evidence for primary entry through the vagal, parasympathetic pathways in our cases, the occasional plesence of lesions in the vagal center in the medulla noted in other reports suggests that it may sometimes occur. It is to bc noted, however, that such lesions do not necessarily indicate intestinal entry since the dorsal motor nucleus of the vagus innervates the entire alimentary tract from the laryngeal level of the esophagus to the distal colon, and also the tracheobronchial tree.
In our eight cases, evidence consistent with entry from the periphery into the central nervous system, based on distribution of lesions, was found in the various systems as shown in Table IX . * The superior cervical ganglion, necessary to determine the cephalic origin of lesions in upper thoracic cord, was examined in only two cases; the cord lesions in the three cases may have come from the tracheobronchlal mucnsae alone.
Based on lesions in the nodose ganglion and the solitary nucleus: however, the nodnse also supplies the pharyngeal muceaa, making the evidence of intestinal origin ambiguous.
§ Based on lesions in the celiacs and in the lower thoracic sympatheti c column; but the latter are alto somewhat ambiguous for reasons already stated.
Although not implicated in the primary or secondary loci of invasion, certain areas subject to tertiary or later invasion and of some special interest as probable sources of early symptoms and signs were incidentally studied. The results are given in Tables X to XII. Lesions of some intensity were found in the hypothalamus in three of our cases, and minimal lesions in three others. As a rule the paraventricular nuclei were most conspicuously involved. Since the olfactory route can be absolved of participation in the initial invasive process, the hypothaiamus is not of immediate interest to this problem. As a source of certain fairly common symptoms at the beginning of the disease and later, it deserves consideration: among other functions, it appears to be one of the higher integrating centers for the autonomic system; it plays a part in temperature control, and in sleep. The presence of lesions in the hypothalamus (generally more extensive and severe than in the thalamus) has been noted by a number of pathologists, including Harbitz and Scheel (17), Kino (18) The formatio reticularls, while probably not concerned in the first and second stages of invasion, appears to be important in the subsequent spread of infection, and was moderately to severely involved in all our cases. Practically all the reports on the distribution of lesions in poliomyelitis beginning with Harbitz and Scheel (17) have recorded almost constant and severe lesions in this region, and Guizetti's (21) comment appears to be of general application: "Only one area we find to be always severely altered from the beginning of the decussation up to the midbrain and that is the so-called substantia reticularis." In general, however, parenchymal and perivascular infiltrations are more marked than neuron destruction. This formation has intimate connections with the trigeminal and visceral afferent systems, which we have shown to be probable portals of entry, and with the vestibular nuclei which are so frequently heavily involved. It contains certain nuclei of symptomatic interest in poliomyelifts; especially those concerned with coughing, vomiting, swallowing, and respiration (in connection with the solitary nucleus); and moreover, through its spinal connections, the reticulospinal tracts, it appears to play an important part in the higher integration of the postural, or stretch, reflexes which in recent years have attracted so much clinical attention as one of the components of spasm. The reticulospinal tract may well be one of the pathways through which virus is conducted from the brainstem to the spinal cord. The reticular formation also has close anatomical connections with the medial longitudinal fasciculus, a vestibular tract which extends throughout the brainstem and the entire spinal cord. "Ibis, too, as Swan points out, may well serve as a distributing pathway for virus either descending from the brainste~a to the cord or in the reverse direction. The heavy and frequent involvement of the vestibular nuclei has been noted by several investigators, in particular by Howe and Bodian (6) . They are among the most susceptible neurons in the central nervous system. Clinicians have paid little attention to vestibular symptoms and signs in poliomyelitis, but dizziness is not uncommon at the onset or later on. Our impression, largely from clinical evidence, is that the vestibular nuclei are involved at a comparatively late stage of the disease.
Hypotkalamus
Formatio (Substantia) Reticularis
Vestibular Nuclei
Internuncial (Intercornual) Cell Groups in Spinal Cord
These were involved in all cases and at all levels where the anterior horns were involved and in approximately the same degree. We were unable to confirm the findings of Kabat and Knapp (33) that they are frequently the site of lesions in places where the anterior horn cells are "relatively normal." Their functional relationship to spasm has been stressed by these authors. In descending infection from the brainstem to the cord Or from one segment of the cord to another, these connecting neurons are in the pathway and would naturally be involved.
DISCUSSION
In 1942 we reported (36) an experiment in which, after spraying the nasopharynx of a cynomolgus monkey with virus, the animal was sacrificed at the exact onset of symptoms. Well developed lesions were found in the ganglia of the V, IX, and X nerves and in the superior cervical sympathetic ganglia but in the central nervous system only very early lesions in the solitary nucleus. Here the centripetal direction of spread was unequivocal. Other experimental observations (39) after surface exposures revealed lesions which in character and distribution strikingly resembled those we have now discovered in human material.
In the latter it is admittedly difficult and at times impossible to distinguish centripetal from centrifugal origin of lesions. There are instances in which the ganglia show significant lesions and the secondary cell stations in the central nervous system do not: here there can be little doubt that infection arose from the body surface. In other instances, heavy involvement of the ganglia is found in association with only slight lesions in the secondary centers, strongly suggesting centripetal spread. In some instances, too, the central stations show lesions and the corresponding ganglia show none: here it is obvious that centrifugal spread has not occurred. While there remain a number of examples of approximately equal involvement of peripheral and central cell groups, a review of our data as a whole, gives the impression that centripetal spread from surface to peripheral ganglia occurs with much greater frequency and facility than does spread from the central nervous system in the opposite direction. On the whole the cell stations connected with peripheral nerves, such as the trigeminal nuclei, the solitary nucleus, the gustatory nucleus, the dorsal motor nucleus of the vagus, and the sympathetic cell column of the spinal cord, do not, to judge by our observations and those of others, belong in the category of centers that are extremely susceptible to poliomyelitis virus (such as, for example, the vestibular nuclei, the reticular formation, and the primary motor neuron groups), and this would appear to lessen the chances of centrifugal spread to the peripheral ganglia. Our impression is strengthened by the study of Sabin and Ward (8) who, in their virus-recovery analysis of human autopsy material, came to the similar, though less qualified, conclusion "that the centrifugal spread of virus, which is so common in rabies, does not appear to occur in human poliomyelitis." To what extent exceptions to this rule may occur is not yet clear; hence we prefer to offer the following conclusions in conditional terms.
There appears to be no single portal of entry in human poliomyelitis; on the contrary, evidence has been obtained of a notable variety of portals. In individual cases, these may differ nor are they necessarily limited to a single one. The concept of an exclusive channel for all cases which is implicit in earlier theories such as the olfactory and the intestinal is therefore contradicted by our evidence. Apparently almost any nerve system with peripheral endings in the mucous surfaces can, if exposed, convey virus in a central direction to its regional ganglia and thence, if the process continues into the central nervous system. It is noteworthy that of the potential portals we have studied, those of the upper alimentary and respiratory passages, excepting the olfactory, showed the most consistent and clear-cut involvement, with evidence for entry through the nose, mouth, or pharynx in nearly all cases and through the upper tracheobronchial tree or upper esophagus in several. Evidence for intestinal entry through the sympathetics while not absent, is somewhat ambiguous for, while the celiac ganglia were involved in six of our cases, their central connections in the spinal cord were involved in only three of them and even here there were indications that the central lesions were the result of secondary involvement by direct extension from heavily affected adjacent centers. Our impression regarding the source of lesions so often found in the celiacs is the same as that suggested by Howe and Bodian (6) in some of their cases, that they were secondary to the presence of virus in the gut. The virtually complete sparing of the vagal parasympathetic center in the medulla in all our cases also has an important bearing on the question of primary intestinal entry. The peripheral ganglia of this vagal efferent system lie in the intestinal wall and one of its components, the submucous ganglia, is situated just under the epithelium with presumably excellent chances of exposure. Whether they were actually infected we cannot say but certainly no infection ascended from them into the central nervous system, nor, it may be added, from the corresponding microganglia of the tracheobronchial tree.
We venture to express our suspicion that the pharynx, including both its nasal and oral portions, is the most important entering area for poliomyelitic infection. It receives mucous drainage from the nasal spaces and it is exposed to materials entering the mouth. The nasal mucus, which is known to catch particulate matter in the inspired air, drains backward and downward into and over the pharyngeal wall at a rate of 0.25 to 1.0 an. per minute under the influence of ciliary activity and traction from swallowing (40) . The slow progression of the mucus sheet, together with the churning effect of ciliary activity, affords an opportunity for intimate contact between virus caught in it and the nerve endings in the epithelium, conditions which would not be present in the unciliated areas of the nares anterior to the turbinates, in the oral cavity, or in the alimentary tract from the esophagus downwards: these facts might explain the failure of Sabin and Ward (41) to recover virus from the nostrils and saliva of patients in the acute stages. That inhaled and ingested materials are caught in the pharyngeal mucus and retained there for considerable periods of time is proved by everyday experience: carbon from smoke and chocolate and other colored foods can often be recognized an hour or more after intake, in sputum.
In a forthcoming paper we propose to discuss more fully possible correlations between the initial symptoms of poliomyelitis and the various portals of entry under consideration in the present report.
EXPLANATION OF PLATES
The sections were all treated with Einarsen's gallocyanin stain. 
